and considered being time-independent below these temperatures. LEY exhibited time-dependent behavior at 4°C and 60°C. But its rheological behavior showed no thixotropy and time-dependency at room temperature. The density of all three products decreased with increasing temperature. Density data were correlated by polynomial models (r 2 > 0.99).
INTRODUCTION
Eggs are known as a perfect food for humans due to their high protein content, low cost and being readily availability in most of the countries. Egg posses both nutritional and functional properties and therefore used in many food products. [1] For instance, egg albumen is known as suitable for confectionery and bakery industry with good whipping ability and good foam stability. Thus it is useful in binding and coagulative applications where albumen is essential. Egg yolk is the yellow part that forms approximately one third of the egg (33% by volume) and includes three fourths of the calories, most of the minerals and vitamins and all the fat content. Egg yolk is used for mayonnaise, dressings, sauces, pasta and other products. [2, 3] Whole egg can be produced by mixing both liquid egg yolk and egg white. It is used as a main ingredient in bakeries, catering and the food industry. It is an additive in pies, pasta, biscuits or egg dishes such as scrambled eggs or omelets. [3] Because of the changing life style and technology, there is an increasing demand on the processed egg products. The term "egg products" refers to eggs that are removed from their shells for processing and convenience forms of eggs for commercial, foodservice, and home use. These products can be classified as refrigerated liquid, frozen, and dried products. Traditionally, eggs are marketed as shell eggs, but in recent years, egg consumption in the form of egg products has increased. Approximately 30% of all eggs sold in the USA in 2001 were processed. [4] These products must be processed in sanitary facilities under continuous inspection and pasteurized before distributed for consumption.
USDA requires liquid egg pasteurization (conventional processing) to be conducted on a critical temperature-time condition where egg protein coagulation may not occur. Minimum temperature and holding time requirements for the egg yolk is 60°C and 6.2 min. For the egg white and whole egg, minimum temperature and holding time requirements are 55.6°C and 6.2 min., 60°C and 3.5 min, respectively. [5] Although thermal pasteurization still represents the most available and best understood technique, it may affect the coagulation, foaming and emulsifying properties of egg products. Several pasteurization methods are explored to extend the shelf life of liquid egg products (LEPs) including ultrasonic wave treatment, [6] high electric field pulses, [7, 8] high hydrostatic pressure [9] or ultrapasteurization combined with aseptic packaging. [10] Most of these methods are thermal methods and cause substantial changes in the structure of liquid egg products. Particularly, coagulation and denaturation of proteins were the main problem. [1] In response to these limitations, UV radiation can be an alternative non-thermal method of achieving appropriate reductions in pathogenic populations to extend the refrigerated shelf life of these products. But, the key factors for the success of continuous UV radiation treatment of LEPs include proper design of a UV chamber. The design should be done according to rheological and absorptive properties of the liquid material. [11] Therefore, physical properties including rheological properties and density of food products are essential in designing of this process.
Although several researchers [12, 13, 14, 15, 16, 17, 18, 19] investigated the rheological properties of liquid egg products, there are different conclusions reported about the rheological behavior of LEPs. The results of these studies showed Newtonian, as well as time-dependent non-Newtonian flow behavior of egg. These works are summarized in Table 1 . Most of these studies have been usually carried out with only egg yolk. There is a lack of information about the rheological behavior of liquid egg white and whole egg at different temperature range. UV disinfection can be applied to continuous flow of LEPs at refrigerated and/or room temperatures as long as aseptic conditions are supplied. It can be also combined with thermal treatment in order to reduce the effect of heat on the quality of the LEPs. Therefore, understanding the rheological and physical properties of liquid egg products (LEPs) over a wide range of temperature is of utmost importance for the application of UV disinfection process in the egg-products industry. Additionally, the shear rate ranges used in the studies cited in the literature do not totally cover the shear rate range of the typical UV processing (8-53.7 s −1 ) for all LEPs ( Table 1) .
The objective of this work is to determine rheological properties of liquid whole egg (LWE) and liquid egg yolk (LEY) at 4°C (refrigerated temperature), 25°C (room temperature), 60°C (pasteurization temperature) and shear rate ranged from 8 to 53.7 s −1 by using concentric cylinder viscometer. Rheological properties of liquid egg white (LEW) are studied at 4, 25, and 55.6°C. The shear rate range used for LEY is 1 to 34 s −1 . Different rheological flow models (Newtonian, Power law and Herschel-Bulkley) based on shear stress shear rate are also tested to fit the experimental data. Selected physical properties (e.g., density) of LEPs are determined at broad range of temperatures from 4°C to 60°C. Additionally, time and temperature sensitivity, pH, and total solid contents of these products are also investigated.
MATERIALS AND METHODS

Sample Preparation
Fresh shell eggs (Grade A, large size, and uniform age), no older than 3 days after laying were purchased from a local farm and were held over night under refrigeration. Egg shells were washed with deionized water and hand broken properly. In order to separate chaladza and other membranous impurities, egg yolk was filtered by colander. Egg albumen was double filtered through colander and gauze to eliminate foam formation. The rest of the foam in egg albumen was eliminated by centrifugation at 600 rpm for 1 minute by keeping the temperature at 4°C. Whole egg was prepared by mixing approximately 14 broken eggs in the same container. Then it was filtered in order to separate impurities (chaladza, membranes). 600 ml of samples for each liquid egg product were prepared and stored at 4°C before measurement. [19] Density and pH values of LEPs were measured by using densitometer (Kyoto Electronics DA, Japan) and pH meter (Metrohm, Switzerland) at different temperature gradient. Total dry solid content (by weight percent) of each product were also determined in terms of AOAC 925.30 method. [20] 
Rheological Measurements
Viscosity measurements were conducted for liquid egg products at different temperatures by using concentric cylinder viscometer (Brookfield DV II+Pro, Brookfield Engineering Lab. Inc., MA, USA) equipped with a cylindrical spindle (LV-1) (cylinder diameter 18.84 mm, length 115 mm, beaker diameter 86.30 mm and 600 ml of sample volume). Since egg yolk samples were more viscous than other samples, LV-2C type spindle (cylinder diameter 10.25 mm, length 115 mm) was used for this product. Rotational speeds of these spindles ranged between 5 (1.02 s −1 ) and 200 rpm (53.7 s −1 ). A thermostatic water bath (Numan SMI model, Kerman, Turkey) was used to control the temperature within the range of 4-60°C. Before each measurement, the samples of liquid egg products were allowed to equilibrate at the desired temperature and a pre-shear step was conducted in all cases for ten minutes at a shear rate of 26.7 s −1 (100 rpm). Liquid egg white (LEW) and whole egg (LWE) were low viscous and egg yolk (LEY) exhibited considerably high viscosity. Therefore, LEW and LWE samples were subjected to a programmed shear rate linearly increasing from 8 to 53.7 s −1 (30-200 rpm), followed by a steady shear at 53.7 s −1 for 10 minutes and finally a linearly decreasing shear rate from 53.7 s −1 to 8 s −1 (hysteresis loop). LEY samples were sheared in a similar way but shear rate was changed from 1 to 34 s −1 (5-160 rpm). During the shear, torque was recorded every 60 sec as a function of rotational speeds by a software program (Rheocalc32, Brookfield Eng., MA, USA) attached with the instrument and connected to a personal computer. At each rotational speed, care was taken to ensure that the torque has attained its steady state value. Measured torque values at different agitation speeds were converted to shear stress-shear rate data by using proper conversion equations (Brookfield manual, 2004). Ranges of shear rate for LEPs were selected to simulate the typical processing conditions. Shear rates at the wall within a commercial UV system under typical processing conditions (data calculated according to reference 18) have been 8 to 30 s −1 . Therefore, shear rate ranges were chosen to cover this range. The onset of turbulent flow [21] was also evaluated to ensure that the flow remained laminar. Three replicates were made for each sample at a given temperature and new samples were used for each test. Silicone oil standards (Brookfield viscosity standards, Brookfield Eng., MA, USA) were used to calibrate the viscometer [22] .
Time Dependency and Thixotropy
Analysis of thixotropic fluids involves plotting changes in viscosity as a function of time. The apparent viscosity of time dependent thixotropic solutions decreases with time during shearing due to changes in the structure of the material. In order to investigate the existence of thixotropy in liquid egg products, structure breakdown was characterized by measuring the hysteresis loop. Shear rate ramps of increasing and then decreasing rates of 8-53.7 s −1 and 1-34 s −1 were imposed to asses the thixotropy of LEW and LWE, and LEY, respectively. Liquid egg products were sheared at constant low shear rates (LEW and LWE sheared at 16.12s −1 , LEY sheared at 8.48 s −1 ) for 420 s and changes of apparent viscosity with time was considered as time dependency. [23] 
Data Analysis
The shear stress and shear rate were determined from the torque measurements, rotational speed and geometry of the system and calculated automatically by using the software attached to the system. Different rheological flow models [Newtonian Eq. (1), Power law Eq. (2), and Herschel-Bulkley Eq. (3)] based on shear stress shear rate were tested. [21] Fitted functions were obtained by using the least square fit method of Excel [24] . The suitability of the fitted functions was evaluated by the coefficient of determination (r 2 ) as well as the standard error of estimate S est [Eq. (4)]:
where τ is the shear stress (Pa), τ 0 is the yield stress (Pa), γ is the shear rate (s −1 ), μ is the Newtonian viscosity (Pa.s), K is the consistency index (Pa.s n ), n is the flow behavior index, Y is the measured value, Y´ is the predicted value and N is the number of data points.
In order to quantify the effect of temperature on the viscosity or consistency coefficient, an Arrhenius type equation [Eq. (5)] was applied:
where η a is the apparent viscosity (Pa.s), η 0 is a parameter considered as the viscosity at infinite temperature (Pa.s), E a is the activation energy (J/mol), R is the molar gas constant (J/mol K), and T is the temperature(K).
RESULTS AND DISCUSSION
In the present study, the pH and total dry solid content (%weight) were determined before the rheological and density measurements in order to obtain the information about the quality attributes of liquid egg products. These data are listed in Tables 2 and 3 . pH values of all the egg products were found to be decreased by increasing temperature. This was due to the nature of chemical composition and ionic movement in the liquid, which are all temperature dependent. pH decreases because the ionic mobility increases with rising temperature and decrease with the amount of solid content in a product. [8] The observed standard deviation values of total solid content (% weight) were 0.307, 0.060, and 0.079 for liquid egg yolk (LEY), liquid egg white (LEW) and liquid whole egg (LWE), respectively.
η η a a E RT = 0 exp( / ),
The density of all three products decreased with increasing temperature (Figure 1 ). Density (ρ) data were correlated by polynomial models ( Table 4 ). All fitted functions presented r 2 values higher than 0.99 and S est lower than 1.1845. The results were in good agreement with those reported by Punidadas and McKellar. [17] 
Rheological Behavior
Time-dependency. A change in the liquid egg products´ viscosity over time indicates time-dependent behavior; a decrease signifies thixotropy. This decrease is an important consideration in process design. As the sample is sheared during its passage through the process system, the linkages between particles or molecules in the food are broken (structure breakdown), resulting in reduction in the size of the structural units and offer lower resistance to flow. [23] Thixotropic behavior of LEPs was examined by measuring hysteresis loop at different temperatures (Figures 2, 3, 4 ). It is evident from Figure 3 that none of the products exhibited thixotropy at 25°C. On the other hand, LEW and LWE samples showed evidence of hysteresis at pasteurization temperature and 4°C, and LEY samples exhibited small degree of hysteresis only at 60°C (Figures 2 and 4) . In order to confirm these findings, apparent viscosity at regular time intervals was recorded and studied in more detailed ( Figure 5 ). In Figure 5 , apparent viscosity of LEW and LWE at pasteurization temperature showed an increasing trend over the time and the fluctuation in apparent viscosity of LWE was more pronounced than LEW indicating thixotropic behavior. This might be due to the fact that LWE which has a high protein content was especially affected at 60°C, indicating that the chemical structure was broken primarily because of a susceptibility to heat (coagulation of proteins). Apparent viscosity of LEW and LWE at 4°C was constant over the given time period demonstrating time-independent behavior. LEY sample at 60°C also had a constant apparent viscosity until 300 seconds but declined after that. On the other hand, LEY samples at 4°C ceased time dependency after 150 seconds and the apparent viscosity became nearly constant. This could be attributed to its higher protein content than other products.
Rheological parameters. Different rheological models (Newtonian, Herschel-Bulkley and Power law) have been tested to ascertain the correct flow behavior of liquid egg products. Rheological parameters of LEPs were reported in Table 5 . The coefficient of determination (r 2 ), for all cases, were higher than 0.99 and standard error of estimates (S est ) were lower than 0.16 which confirms that selected models were adequately suitable for describing the flow behavior of LEPs within the range studied.
Yield stress was observed in the cases of LWE and LEW (Table 6) behavior index (n) of LWE and LEW obtained from this model showed values varying from 0.9290 to 0.9878 indicating that, in this range of temperature, the liquid whole egg and liquid egg white are slightly pseudoplastic in nature. The consistency index (K) of both products varied from 0.021 to 0.038 Pa.s n and decreased with increasing temperature. Because the magnitudes of n were higher than 0.9, one could assume that these products have Newtonian like behavior and can be considered as Newtonian fluids in engineering calculations. [25] Therefore, Newtonian model [Eq. (1)] was also applied to shear stress shear rate data of LWE and LEW. Newtonian viscosity values were found to be in the range of 0.017 and 0.037 Pa.s and, in the same way as the consistency coefficient (K), decreased when increasing temperature. Those findings were in agreement with the results of Scalzo et al., [25] Hamid Samimi et al., [13] and Hamid-Samimi and Swartzel. [14] They reported that whole egg behaves as a Newtonian fluid below 60°C and pseudoplastic at temperatures above 60°C. Tung et al. [26] also observed that egg white is slightly pseudoplastic at its respective pasteurization temperature. But the shear rate ranges were not indicated in those studies. In Figures 2, 3, and 4 ., it was evident that the shear stress-shear rate relationship at all temperatures were non-linear for LEY. Experimental data of LEY were fitted to power law model at given temperatures from 4 to 60°C. The value of consistency coefficient (K) ranged from 0.28 to 1.013 Pa.s n and the flow behavior index (n) ranged between 0.87 and 0.93 indicating pseudoplastic behavior. The egg yolk exhibited non-Newtonian and shearthinning (pseudoplastic) behavior, which could be attributed to its chemical structure. The lipids of the eggs are all contained in the yolk. Nearly all of the yolk lipids are present as lipoproteins, which are classified as high density, low density and very low density lipoproteins. [27] These types of high molecular weight polymers increase the viscosity even at very low concentrations. [28] Effect of temperature. For each liquid egg product, the effect of temperature on the viscosity at different shear rates is illustrated in Figure 6 . It was observed that apparent viscosities of LEPs decrease with increasing temperature. An Arrhenius-type equation [Eq. (5) ] was used to quantify the effect of temperature on the rheological behavior of these products. Linear form of Eq. (5) was fitted to experimental data to find the values of the flow activation energies for different products tested. Table 7 shows the data obtained from this fits. It can be seen that egg yolk has high activation energy (E a ) value which means that this product is more sensitive to temperature than other samples. It needs to have a great care if typical thermal pasteurization process will be applied to this product.
CONCLUSION
Rheological and selected physical properties of liquid egg products (LWE, LEW, and LEY) were studied as a function of temperature. Density data were well correlated by polynomial models and decreased by increasing temperature. Different rheological flow models (Newtonian, Power law, and Herschel-Bulkley) based on shear stress shear rate were applied to fit the experimental data. The good agreement between values predicted by these models and experimental values confirmed appropriateness of the equations proposed for describing the selected physical and rheological properties of liquid egg products (LEPs). Experimental data of LEW and LWE were successfully fitted to Herschel-Bulkley model, LEY data was well suited to power law model. It was found that liquid egg white (LEW), liquid whole egg (LWE), and liquid egg yolk (LEY) exhibited mildly shear thinning (pseudoplastic) behavior at 4, 25, and 55.6/60°C. LEW and LWE showed thixotropy and time-dependency at their pasteurization temperatures (55.6°C for LEW, 60°C for LWE). As a result, LEW and LWE were determined to be time-dependent at their pasteurization temperatures and time-independent below these temperatures. On the other hand, liquid egg yolk (LEY) exhibited time-dependent behavior at 4°C and 60°C. But, its rheological behavior showed no thixotropy and time-dependency at 25°C. An Arrhenius-type equation would be useful to quantify the effect of temperature on the rheological behavior of these products. The activation energy of LEY samples was found to be highest indicating higher sensitivity to temperature than other samples. 
